Background: The use of allogenic juvenile chondrocytes or autologous chondral fragments has shown promising laboratory results for the repair of chondral lesions.
Articular cartilage matrix undergoes substantial structural, molecular, and mechanical changes with age and arthritis. These changes include surface fibrillation, alteration of proteoglycan structure and composition, increased collagen cross-linking, and decreased tensile strength and stiffness. 5, 6, 10, 21 Deterioration of chondrocyte function accompanies these changes in the matrix. The cells synthesize smaller aggrecan molecules and less functional link proteins, leading to the formation of smaller, more irregular proteoglycan aggregates. [7] [8] [9] 33 The mitotic and synthetic activity of human chondrocytes declines with age. 22, 24 Furthermore, human chondrocytes become less responsive to anabolic mechanical stimuli (ie, insulin-like growth factor I). 20, 23 In part for these reasons, articular injuries in adults are more likely to promote osteoarthritis than those in skeletally immature juveniles, suggesting an age-or maturation-related decline in the potential for cartilage repair. 16, 17, 30, 34 Juvenile chondrocytes have shown superior capabilities of producing cartilage extracellular matrix. 1, 2, 12 For these reasons, an ex vivo preculture of autologous chondrocytes, combined with juvenile allogenic chondrocytes, could represent an interesting method to increase mature matrix production and cells expansion in classic ''2-stage'' cartilage repair procedures, ie, autologous chondrocyte implantation (ACI) and membrane ACI.
Recently, cartilage fragments have been proposed as a valid source of cells in animal models (goat and horse), allowing coverage of large cartilage defects without requiring precultivation of the cells. 13, 18, 19 With this technique, manual mechanical fragmentation has shown to induce matrix breakdown and release of cells from cartilage fragments. 19 Regenerating a functional repair tissue similar to hyaline cartilage, through implantation of chondral fragments held by scaffolds, would represent a fascinating 1stage cartilage repair alternative. 27, 32 Adding allogenic juvenile cartilage fragments to autologous fragments would theoretically increase the chondrogenic potential of the procedure and allow larger defect coverage.
In this in vitro study, adult/juvenile cocultures were performed using both chondrocytes (part 1) and minced cartilage fragments (part 2). The cocultures were compared with juvenile or adult monocultures.
The starting hypothesis was that chondrocytes of juvenile origin would not affect matrix production when mixed with adult chondrocytes or minced cartilage. The aim of part 1 of this study was to validate in vitro the combined use of both autologous and juvenile allogenic chondrocytes, when performing most common 2-stage cartilage repair procedures. The aim of part 2 was to prove in vitro the concept of a new ''1-stage'' surgical procedure for cartilage repair, directly combining ''in situ'' autologous and allogenic juvenile cartilage fragments, as a viable source of cells.
MATERIALS AND METHODS

Cartilage Sources
Adult cartilage was harvested from intraoperative pieces of 3 different patients, after informed consent for use in medical research was obtained: (1) a 62-year-old female (D1), affected by severe knee arthritis undergoing total knee replacement;
(2) a 69-year-old female (D2), affected by initial knee arthritis and undergoing unicompartmental knee replacement; and (3) an 18-year-old male (D3), affected by hip osteochondral defect undergoing hip arthroscopy and debridement. The intraoperative pieces were shipped en bloc on wet ice in physiologically buffered solution and stored for no more than 6 hours at 4°C before processing. The cartilage was harvested in a sterile fashion with a scalpel (no. 13 blade), and manually minced to obtain fragments less than 1 mm 3 . Both macroscopically healthy and degenerated articular cartilage was harvested from the female donors. On the other hand, the large chondral flap obtained from the male donor did not show any areas of degeneration.
The juvenile cartilage, provided by ISTO Technologies (St. Louis, Missouri), was harvested from the distal femur and proximal tibia of 3 different donors (\6 years old) and minced in fragments smaller than 1 mm 3 . The cartilage from the 3 different juvenile sources was mixed together in equal proportions, to limit the variability related to the single donors and obtain only 1 pool of juvenile cartilage.
Part 1
Culture Preparation. Chondrocytes from both adult and juvenile cartilage were isolated by enzymatic digestion according to the methods previously described. 1 Briefly, the cartilage was washed and transferred to 50-mL sterile conical tubes (4 g tissue per tube) for 30-minute digestion in protease from Streptomyces griseus (2 mg/mL, Sigma, St. Louis, Missouri), followed by overnight incubation in HL-1 containing 2000 units CLS2 collagenase (Worthington, Lakewood, New Jersey) and 5 mg type VIII hyaluronidase (Sigma, St. Louis, Missouri) at 37°C with mechanical agitation. The next morning, cell suspensions were diluted with 10 mL of fresh media, vortexed gently, and tissue debris was removed by gravity filtration through 70-mm Falcon cell strainer units (Becton Dickinson, Franklin Lakes, New Jersey). Cells were pelleted at 2000 rpm for 8 minutes and counted to determine viability (.98%). Cells were then suspended in low-melt agarose at 1 3 10 7 cells/ mL concentration, to obtain 3-dimensional cultures. Per each donor, juvenile cells were mixed with adult ones in 5 different proportions: 100%, 50%, 25%, 12.5%, and 0% of adult chondrocytes combined with, respectively, 0%, 50%, 75%, 87.5%, and 100% of juvenile chondrocytes. The cultures were maintained in chondrogenic medium and humidified incubator (37°C, 5% CO 2 ) for 6 weeks. Chondrogenic medium was composed by basic medium supplemented with 10% fetal bovine serum, with further addition of growth factors: 1 ng/mL of transforming growth factor-b1 (TGF b1), 5 ng/mL of fibroblast growth factor-2 (FGF-2), and 10 ng/mL of platelet-derived growth factor type BB (PDGF-BB). Medium exchange was performed twice a week.
Biochemical Analysis. At 6 weeks, half of each sample underwent biochemical analysis and the other half was cryoembedded and cut at different depths with the microtome for histologic evaluation. Biochemically, an s-GAG (sulfated glycosaminoglycan) assay (DMMB [dimethylmethylene blue]) for proteoglycans (PG) content (PG con ) in the neotissue was conducted, according to the methods described by Hoemann et al. 15 A VMax microplate reader (Molecular Devices, Sunnyvale, California) spectrophotometer was used. An assay for the lactate released in the culture medium was used as a marker of metabolic activity in juvenile, adult, and 1:1 mixed cultures. 26 The assay was performed using Sigma lactate reagent. In addition, an assay for the PG released (PG rel ) in the culture medium was performed in juvenile, adult, and 1:1 mixed cultures. The PG rel /PG con ratio was calculated in juvenile, adult, and 1:1 mixed cultures, as an indicator of the amount of PG lost in the culture medium.
Histologic Analysis. Histologic evaluation consisted of safranin O fast green and immunofluorescence (link protein and collagen type II) staining. Titration of safranin O-positive cells (% of the total) was performed for each sample at 103 microscope magnification, at different depth cuts and in multiple fields per slide. The Bern scoring system (minimum score 0, maximum 9) for safranin O-stained in vitro-generated neocartilage was used. 14 Histologic evaluation was performed in a blinded fashion by 1 investigator expert in cartilage histology.
Part 2
Culture Preparation. All cartilage fragments were manually minced to obtain pieces smaller than 1 mm. The cartilage of every adult donor was cultured alone and with juvenile fragments. Juvenile cartilage as well was cultured alone. The use of fragments instead of cells did not allow a precise cells titration and every coculture was composed of 0.5 mg of adult cartilage fragments and 0.5 mg of juvenile cartilage fragments. Each culture was made both with agarose and with a hyaluronic acid scaffold (Hyaff 11, Fidia Advanced Biopolymers, Abano Terme, Italy). In the groups with the agarose, the fragments were mixed in the wells and then the agarose was poured on top. In the groups with the scaffold, this was put on the bottom of the wells and the fragments were laid on top of it. The cultures were maintained in chondrogenic medium and humidified incubator (37°C, 5% CO 2 ) for 6 weeks. Chondrogenic medium was the same as described in part 1. Medium exchange occurred twice a week.
Confocal Microscopic Evaluation. At 4 weeks, a confocal (Bio-Rad MRC 1024 confocal system, Hercules, California, with Nikon Eclipse E600 upright microscope, Melville, New York) microscopic examination was conducted without impairing the cultures, to confirm the matrix breakdown and release of cells from the cartilage fragments.
Biochemical Analysis. At 2 and 6 weeks, half of each sample underwent biochemical analysis and the other half was cryoembedded and cut at different depths with the microtome for histologic evaluation. Biochemically, an s-GAG assay (DMMB) for PG was conducted according to the methods described by Hoemann et al. 15 The value obtained was normalized, dividing it for the DNA amount (DNA assay). 15 A VMax microplate reader spectrophotometer was used. The PG/DNA ratio was considered the best approximation of the real amount of matrix production per cell. The increment (n times) of the PG/DNA ratio from week 2 to week 6 was calculated by dividing the value at 6 weeks by the value obtained at 2 weeks.
Histologic Analysis. At 6 weeks, histologic evaluation consisted of safranin O fast green and immunofluorescence (collagen type II) staining. Titration of safranin O-positive cells was performed for each sample, at 103 microscope magnification, at different depth cuts and in multiple fields per slide. The Bern score was calculated for each sample (minimum score 0, maximum 9). 14 Histologic evaluation was performed in a blinded fashion by 1 investigator expert in cartilage histology.
Statistical Analysis
One-way analysis of variance with post hoc Bonferroni correction was used to determine significant differences between the groups. Differences were considered significant at P \ .05; a 95% confidence interval was used. The analysis was conducted with SPSS for Windows 13 (SPSS Inc, Chicago, Illinois).
RESULTS
Part 1
Biochemical Analysis. The lactate and the PG rel into the culture medium were significantly higher in isolated juvenile cultures compared with isolated adult and 1:1 mixed cultures (P \ .001) (Figure 1 ). Sulfated-GAG assays showed that PG con was more than 7-fold greater in juvenile than in adult isolated cell cultures (Figure 2 ). In addition, PG con was significantly higher (P \ .001) in isolated juvenile cultures than in all the mixed cultures (Table 1) . When increasing the percentage of adult cells, the PG con declined logarithmically, rather than linearly, as first hypothesized (Figure 2) .
The PG rel /PG con ratios for mixed cultures (0.18) and adult cultures (0.38) were relatively high compared with juvenile cultures (0.10), indicating that in mixed cultures much of the PG produced was lost to the medium and the matrix destabilized.
Histologic Analysis. Histologic analysis showed that juvenile cells produced more PG, link protein, and type II collagen than their adult counterparts (Figure 3 ). The percentage of safranin O-positive cells in the isolated juvenile cultures was significantly higher compared with isolated adult and mixed cultures (P \ .001), supporting the findings encountered with the PG con assay ( Table 1 and Figure 4 ).
The Bern score was significantly higher (P \ .001) in the isolated juvenile cultures compared with isolated adult and mixed cultures ( Table 1 ).
Part 2
Biochemical Analysis. The PG content, DNA content, and PG/DNA ratio at 2 and 6 weeks have been summarized in Table 2 .
At 2 weeks, the PG/DNA ratio was significantly higher in juvenile monocultures than in adult monocultures (P = .02). No other significant differences were noted between the other groups (ie, cocultures vs adult monocultures, and agarose vs Hyaff).
At 6 weeks, cocultures performed significantly better than isolated adult cultures in terms of PG/DNA ratio (P = .01). The PG/DNA ratio was higher in cocultures than in isolated juvenile cultures, even if not significantly. These data seem to support the theory of a reciprocal stimulation between adult and juvenile chondral fragments. Surprisingly, the cartilage harvested from the donor with most severe knee arthritis (D1), in the cocultures showed higher PG/DNA ratio compared with the other cocultures, even if not significantly. No significant differences were noted between agarose and hyaluronic acid scaffold.
In terms of increment of PG/DNA ratio from week 2 to week 6, no significant differences were observed between the different groups.
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Confocal Microscopic Evaluation. At 4 weeks, confocal evaluation showed the migration of chondrocytes outside the fragments and the creation of bridges between the cartilage fragments in every culture ( Figure 5 ).
Histologic Analysis. At 2 weeks, no neocartilage was present outside of the chondral fragments and the histologic analysis was not conducted.
The results of the safranin O-positive cells titration and the Bern scoring at 6 weeks are summarized in Table 2 .
Cocultures showed significantly higher safranin O-positive cells (P = .01), Bern score (P = .001), and production of collagen type II, compared with isolated adult cultures ( Figures 6  and 7 ). In addition, cocultures performed better than isolated juvenile cultures in terms of safranin O-positive cells titration, Bern score, and production of collagen type II, even if not significantly (Figures 6 and 7) . Surprisingly, the cartilage harvested from the adult donor with more severe knee arthritis (D1), in the cocultures showed better properties compared with the other cocultures, in terms of safranin O-positive cells, Bern score, and collagen type II production, even if not significantly. No other significant differences were noted between the groups.
DISCUSSION
In part 1 of the present study, we tested the null hypothesis that there would have been no interaction between juvenile and adult chondrocytes in terms of chondrogenic activity in agarose cultures. Instead, we found that PG con , safranin O-positive cells, and lactate production declined nonlinearly with increasing proportions of adult cells, indicating a negative interaction. This was not attributable simply to dilution effects, as varying the density of juvenile chondrocytes in agarose without adult cells led to a linear decline in matrix accumulation (data not shown). The increased PG rel to the medium observed in cocultures suggests enzymatic degradation of aggrecan, or failure to entrap newly synthesized aggrecan in the matrix. On the other hand, the decrease in lactate production in cocultures compared with juvenile cultures is an indication that glycolytic activity was suppressed. Thus, the data suggest that increased catabolic activity as well as decreased anabolic activity contributed to the failure of matrix production in chondrocyte cocultures.
In part 2 of the study, we tested again the null hypothesis that no interaction would occur between juvenile and adult cartilage fragments with respect to chondrogenic activity in cocultures. Instead, a positive interaction between juvenile and adult chondral fragments was found, with a stimulus to extracellular matrix production.
The chondrogenic potential of juvenile chondrocytes has been previously described, 1,2 as well as the use of autologous chondral fragments to repair cartilage defects. 3, 13, 18, 19 Adkisson et al 1 showed that juvenile chondrocytes, when maintained in static culture under defined serum-free conditions, deposited an extracellular matrix that accumulated in the form of tissue disks. Electron microscopic evaluation of neocartilage disks revealed collagenous matrices characteristic of articular cartilage from human infants.
In another controlled laboratory study, Adkisson et al 2 showed that juvenile human chondrocytes had greater potential to restore articular cartilage than adult cells and that allogenic juvenile chondrocytes did not stimulate an immunologic response in vivo.
In addition, unlike adult autologous or allogenic osteochondral grafts, juvenile grafts showed complete integration of cartilage at the graft/host junction in adult animals. 31 Comparable findings have been reported in animals with implantation of cell-based constructs prepared using juvenile articular chondrocytes. 4, 28, 29 Albrecht et al 3 showed rapid chondrocyte proliferation, hyaline-like repair tissue, and Alcian blue-positive matrix in osteochondral defects treated with autologous cartilage fragments in a rabbit model. Lu et al 19 demonstrated hyaline-like repair tissue in the treatment with cartilage fragments of critical-sized chondral defects in large weightbearing animals (8 skeletally mature goats). Frisbie et al 13 showed in a horse model similar arthroscopic, histologic, and immunohistochemistry results for ACI and autologous cartilage fragments implantation, in the treatment of chondral defects. Lind and Larsen 18 investigated the cartilage repair response of autologous cartilage fragments or chondrocytes in combination with a collagen membrane in a goat fullthickness cartilage defect model. No histologic or biomechanical differences were found between the 2 groups.
To our knowledge, there are no studies in the English literature describing the effects of mixing juvenile and adult chondrocytes or cartilage fragments in cocultures. The in vitro findings of part 1 of the study showed that autologous chondrocytes, combined with juvenile cells, is not a favorable strategy because of the inhibitory effects of adult cells. On the other hand, the second part of the present study showed the stimulation of matrix production in fragment cocultures. In every fragment coculture, the value of PG/DNA ratio and safranin O-positive cells was significantly superior to monocultures of adult cartilage.
The basis for the positive interaction between juvenile and adult chondral fragments is unknown. However, the increased numbers of migrating chondrocytes seen in cocultures suggests this might involve increased chemotactic activity. Chopping cartilage is likely to provoke an injury response that includes secretion of chemokines and other factors. 11 We speculate that the same injury affects juvenile and adult cartilage differently, with adult cartilage releasing more chemokines. On the other hand, juvenile chondrocytes are more capable of responding to chemotactic factors than adult chondrocytes. 25 Thus, in the presence of injured adult cartilage, large numbers of juvenile cells migrate out of the original minced tissue, where they proliferate and differentiate to form neocartilage. Less neocartilage is produced in monocultures of juvenile fragments because of the relative absence of chemotactic factors contributed by adult tissue, whereas monocultures of adult cartilage produce less neocartilage because of the absence of juvenile cells capable of responding vigorously to chemokines.
Limitations of this study include (1) the small number of adult donors used and (2) the slightly different methods used in part 1 compared with part 2, because of the different material used (chondrocytes vs chondral fragments).
New studies are required to fully understand the mechanisms underlying the negative interaction between adult and juvenile sources with chondrocyte cocultures, as well as the positive interaction with chondral fragment cocultures. The promising results of the second part of the study should also lead to new animal trials combining ''in situ'' autologous and allogenic juvenile cartilage fragments in a ''1-stage'' surgical procedure for cartilage repair.
